Introduction
There is compelling evidence that fathers play a critical role in their children's development (Cabrera, Fitzgerald, Bradley, & Roggman, 2014) . Specifically, the quality of father-infant interactions independently contributes to a broad range of developmental outcomes in the child J o u r n a l P r e -p r o o f (for reviews, please see Barker, Iles, & Ramchandani, 2017; Sarkadi, Kristiansson, Oberklaid, & Bremberg, 2007) . For instance, paternal sensitivity and engagement in infancy and early childhood are linked to better cognitive and language development in their children (Sethna, Perry, et al., 2017; Tamis-LeMonda, Shannon, Cabrera, & Lamb, 2004) . In contrast, poor quality paternal caregiving (e.g., child-directed negativity) is a risk factor for maladaptive outcomes (Gauvain, Fagot, Leve, & Kavanagh, 2002; Kok et al., 2018) . Although the mediating mechanisms underpinning the impact of fathers on their children are not fully understood, a plausible intermediate phenotype underlying these associations may be differences in brain development. Consistent with this, preclinical evidence suggests that paternal care influences offspring brain (Braun & Champagne, 2014) . For example, fatherdeprived degus pups show synaptic reductions in the cortex (Ovtscharoff, Helmeke, & Braun, 2006) . The human literature reports differences between the long-term effect of maternal and paternal care on offspring brain and social-cognitive-emotional development; on differences between maternal and paternal parenting behaviour in relation to their neurobiological functioning (Gordon et al., 2010) , and on the brain response of mothers and fathers to their infants (Abraham et al., 2014; Abraham, Hendler, Zagoory-Sharon, & Feldman, 2016) .
However, despite evidence from our group and others that normal variation in maternal care influences brain biology in their children, even as early as infancy (Als et al., 2004; Luby et al., 2012; Sethna, Pote, et al., 2017) , links between paternal behaviour and infant brain in humans have been less studied.
Those studies that have examined the impact of father-child relationship on brain development have only investigated older children. These include a preliminary finding that increased paternal sensitivity (observed at 1, 3 and 4 years) was associated with larger ventricular volumes at 6-weeks and total grey matter volumes in children when they were aged 8 years (Kok et al., 2015) -although the associations were not statistically significant. In this Dutch J o u r n a l P r e -p r o o f birth cohort, 6-week infant brain structure examination comprised ultrasound measurement of the ventricular system and head circumference, whilst MRI was acquired in middle childhood.
In a subsequent study, grey matter volume at age 8, mediated the association between parental sensitivity (average maternal and paternal sensitivity) and prosocial behaviour in girls aged 9 years (Kok et al., 2018) . However, potential links between paternal sensitivity in infancy and brain structure in infants, at that same early timepoint, were not examined. In addition, these studies did not account for potential relationships between maternal sensitivity and offspring brain (Kok et al., 2015; Rifkin-Graboi et al., 2015; Sethna, Pote, et al., 2017) . Furthermore, in these preliminary studies, the relationship between infant behaviour and infant brain was also not accounted for (Blasi et al., 2015; Sethna, Pote, et al., 2017) . There is now increasing evidence to suggest that some children are more susceptible than others to a range of environmental influences, including parenting by fathers (Ramchandani, Ijzendoorn, & Bakermans-Kranenburg, 2010) . Moreover, links between infant communicative and attentive behaviours have also been linked with the infant brain (Blasi et al., 2015; Mundy, Card, & Fox, 2000; Sethna, Pote, et al., 2017) . Thus, it is possible that infant behaviours will interact with the caregiving environment to which they are exposed, in moderating the influence that these environments exercise on brain development.
We therefore carried out a cross-sectional MRI study to examine, for the first time, the relationship between father-infant interactions and regional brain volumes, in a typically developing sample of infants, aged 3-to-6 months. In our previous study (Sethna, Pote, et al., 2017) , we found that some regions of the developing brain are especially 'responsive' to the (maternal) parenting environment, specifically the subcortex and cerebellum. Therefore, although data was collected from whole-brain, we predicted that the father-infant interaction would be related to the anatomy of these regions. We controlled for maternal sensitivity and since parenting effects are often moderated by characteristics of the child (Pluess & Belsky, J o u r n a l P r e -p r o o f moderated by infant behaviour.
Based on brain imaging evidence in older children that maternal and paternal sensitivity and offspring brain structure are linked in similar ways (Kok et al., 2015) , we expected that the direction of relationships between father-infant behaviour and the brain would mirror those we reported previously for mother-infant behaviour (Sethna, Pote, et al., 2017) . Hence, high levels of paternal sensitivity would be associated with larger subcortical volumes and/or smaller cerebellar volumes in the infant.
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Method
Participants
A community sample of 46 families was recruited from South East London. Eligibility was based on parents having a working knowledge of the English language and being free from any current or past major psychiatric illness, or any antenatal/obstetric complications potentially altering infant development (e.g. perinatal asphyxia). Infants were included in the study if they were aged between 3 and 6 months, born at term (gestational age > 36 weeks) and free from any congenital abnormalities. Exclusion criteria included contraindications for MRI scanning (e.g. metallic implants or pacemakers).
Of the 46 families assessed, 34 fathers agreed to participate -6 families comprised single mothers and 6 fathers declined to participate. The study was approved by the UK National Research Ethics Committee (REC 07/H0807/70 and 12/LO/2017) and written informed consent for participation was obtained from both parents.
Observational face-to-face interactions were available for 31 father-infant dyads -3 interaction assessments were excluded from analyses due to the inability to code speech in a foreign language. MRI assessments were available for 31 infants -3 scans were excluded from the analysis due to motion artefacts (n= 2) and an incidental anatomical brain anomaly found at MRI scanning (n = 1). Therefore, the final sample comprised 28 father-infant dyads with complete data on both father-infant interactions and infant strucutral MRI collected at 3-to-6 months.
At the time of the MRI assessment, fathers had a mean age of 37 years (SD = 6 years). The majority of fathers were of a white ethnic background (82%) and held managerial or professional occupations (61%). Infants had a mean age of 144 days (SD = 30 days) and 43% J o u r n a l P r e -p r o o f were male. Infant and paternal demographic information for the total sample is displayed in Table 1 .
[ Table 1 ]
Measures
Parent-infant interactions at 3-to-6 months
Observed father-infant interactions were video-recorded during a face-to-face setting -fathers were asked to talk to and play with their infant for 5 minutes, as they would normally, without the use of any toys. Similar assessments of father-infant face-to-face interactions have been used in previous studies (Sethna, Perry, et al., 2017) . The Global Rating Scale (GRS, Murray, Fiori-Cowley, Hooper, & Cooper, 1996; Murray, Hipwell, Hooper, Stein, & Cooper, 1996a) was used to assess parent and infant behaviours. Specifically, we focussed on paternal sensitivity because it is a key behavioural feature of early caregiving and predictive of children's cognitive outcomes (Lewis & Lamb, 2003; Mills-Koonce et al., 2015) . Since we previously found that maternal sensitivity was related to infant brain and that the relationship was moderated by infant communication (Sethna, Pote, et al., 2017) , we also controlled for maternal sensitivity and tested whether infant communication moderated the relationship between paternal sensitivity and infant brain.
Paternal sensitivity (Exposure)
Paternal interactions were coded using the Global Rating Scales (GRS, Murray et al., 1996) .
Paternal behaviors were rated on a series of 5-point scales (1-5), with lower scores indicating inadequate interactions. The sensitivity dimension was derived as per standard use in previous studies with fathers, and defined as paternal response to the infant's communication cues in a way that is appropriate to the infant's needs and experiences, including attitude and feelings toward the infant (Rajhans, Goin-Kochel, Strathearn, & Kim, 2019; Sethna, Perry, et al., 2017) .
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Interrater Intraclass Correlations (ICC, Shrout & Fleiss, 1979) for paternal sensitivity, based on 20% of the sample independently coded, was 0.96.
Maternal Sensitivity (Potential confounder)
Maternal sensitivity was assessed during observed mother-infant interactions at 3-to-6 months and coded using the GRS, as per standard use in previous studies (Gunning et al., 2018; M. Mäntymaa et al., 2003; Murray et al., 1996; Sethna, Pote, et al., 2017) . ICC for maternal sensitivity based on 20% of the sample independently coded was 0.91.
Infant communication (Potential moderator)
Infant communication during father-infant interactions was scored on a standard five-point scale, where 1 corresponds to "poor" interactive infant behaviour and 5 to most "optimal" behaviour (Murray et al., 1996; Murray et al., 1996a) . (Blasi et al., 2011; Sethna, Pote, et al., 2017) . A pulse oximeter was attached to the infant's toe to monitor heart rate and oxygen saturation.
A T2-weighted (T2w) fast spin echo (T2w) sequence was acquired with the following imaging parameters: number of slices = 20; slice thickness = 4mm; slice gap = 2mm; repetition time = 3000/4500ms; echo time = 115ms; field of view = 180mm; flip angle 90°; matrix size = 256 x 224. All MRI scans assessed for clinical abnormalities by a radiologist.
Image pre-processing and volumetric segmentation
Scans were analysed blind to family characteristics using an in-house developed protocol for low resolution images as previously reported (Sethna, Pote, et al., 2017) . In brief, T2w MR images were skull-stripped, and the masked images were then segmented using an atlas-based method, which adapted the Statistical Parametric Mapping software (v. SPM8) and a probabilistic neonatal brain atlas (Kuklisova-Murgasova et al., 2011) as an input to the software. The SPM segmentation model unifies tissue classification, image bias correction, and non-linear atlas registration (Ashburner & Friston, 2005) . Following this, the segmented cerebrospinal fluid (CSF) was refined, and partial volume misclassifications corrected based on tissue connectivity using second order Markov random fields. Once this automated segmentation was complete, a single rater examined all images in a final manual editing process using ITK-SNAP (v. 2.2). For more details on the pre-processing and segmentation process, please see Sethna, Pote, et al. (2017) .
The main analyses of this study focused on subcortical grey matter (including the caudate, putamen, globus pallidus and thalamus) and cerebellar volumes. To account for differences in total brain volume, these regional brain volumes were expressed as proportions of intracranial volumeobtained by summing the CSF, lateral ventricles, midbrain, cerebellum, subcortical J o u r n a l P r e -p r o o f grey matter and total grey and white matter. These 'corrected' proportions were used in the analyses.
To assess the reliability of these volumetric segmentations, intra-rater intra-class correlations (ICC) were performed between the final segmentations, and a repeat measurement of a randomly selected 20% of the automatically segmented images. For the intracranial volume, ICC = 0.998 (p < 0.001), indicating excellent reproducibility. Similar results from correlations were also achieved for the cerebellum (ICC = 0.948, p < 0.001) and subcortical grey matter (ICC = 0.923, p < 0.001). These ICCs were derived from the absolute measurements.
Statistical analysis
All data were analysed using SPSS software version 24.0 (IBM Corp., Armonk, NY).
Preliminary analyses included descriptive statistics for the exposure (paternal sensitivity) and outcome (volumes of the subcortical grey matter and the cerebellum) variables. Bivariate correlations were also determined between potential covariates (maternal sensitivity, infant age and gender), and paternal sensitivity and brain volumes. Where a significant (i.e. p < 0.05) or moderate effect size (i.e. r > 0.3) correlation was observed, that covariate was controlled for in subsequent examination of paternal sensitivity and subcortical and cerebellar volumes; estimated via separate multiple linear regression models. Data were examined to confirm that these conformed to assumptions of normality. Effect sizes were calculated using Cohen's f 2 (Cohen, 1988) for multiple linear regression models.
Next, using the process macro tool (Hayes, 2013) , we estimated whether the interaction term between sensitivity and infant communication (i.e. paternal sensitivity x infant communication) was associated with brain volume. PROCESS applies bias-corrected bootstrapping intervals to probe the interaction term and make inferences about indirect effects, rather than relying on the normality assumption. The number of bootstrap samples used to determine 95% bias-corrected bootstrap confidence intervals was 10,000. The conditional indirect effects of the independent J o u r n a l P r e -p r o o f variable at varying degrees of a continuous moderator (infant communication) -i.e. low (−1 SD below the mean), moderate (the mean), and high (1 SD above the mean) -were estimated. Table 2 shows the means and standard deviations for the exposure and outcome variables and correlations with study covariates. Infant age was significantly correlated with subcortical grey matter (r = -0.39, p = .043) volumes; as well as with cerebellar (r = 0.33, p =0.091) volumes and paternal sensitivity (r = 0.34, p = 0.074), at trend level. Infant sex was associated with cerebellar volumes (r = 0.32, p = 0.102) with a medium effect size, whereas maternal sensitivity was significantly associated with subcortical grey matter volumes (r = 0.50, p = 0.006).
Results
Descriptive analyses
Consequently, we adjusted for infant age and maternal sensitivity in multivariate analyses including subcortical grey matter volumes, and infant age and gender for cerebellar volumes.
Relationship between paternal sensitivity and regional brain volumes in infants
Paternal sensitivity was not significantly associated with subcortical grey matter volumes (adjusted model: β = -0.15, p = 0.449), and there was no evidence of moderation by infant behaviour on this association, as the interaction term (sensitivity x infant communication) was not significant (p = 0.741).
In contrast, paternal sensitivity was negatively associated with cerebellar volume (adjusted model: β = -0.38, p = 0.048), with a large effect size (Cohen's f 2 = 0.42)implying a smaller cerebellum in infants interacting with more sensitive fathers (please see figure 1 ).
Furthermore, infant communication moderated the links between paternal sensitivity and cerebellar volume, as the interaction term (sensitivity x infant communication) was significant J o u r n a l P r e -p r o o f (B = -0.01, p = 0.025). Thus, smaller cerebellar volumes were observed in more communicative and engaged infants who are also exposed to more sensitive paternal behaviours (R 2 increase due to the interaction = 0.15, F = 5.78, p = 0.025). While the conditional association between infant communication and paternal sensitivity was significant at high levels (i.e. 1SD above the mean) of infant communication (B = -0.01, p = 0.006); there was no such evidence at low levels (i.e. 1SD below the mean) of infant communication (B = 0.002, p = 0.526). Thus, the link between higher paternal sensitivity and smaller cerebellar volume was driven by the more communicative babies.
Discussion
In this cross-sectional study, the association between early father-infant interactions and infant brain volumes in typically developing 3-to-6-month-old infants was examined. We controlled for maternal sensitivity and tested whether infant communication moderated this association.
We found that infants of more sensitive fathers had a smaller cerebellum, and this association was driven by more communicative babies; independent of infant age and gender. In contrast, there was no evidence of links between paternal sensitivity and subcortical grey matter volumes nor moderation by infant communication on this association.
Our findings of an association between paternal sensitivity and cerebellar volumes fits with evidence that the cerebellum is particularly susceptible to environmental experiences (Giedd, Schmitt, & Neale, 2007) . Moreover, the cerebellum contributes to the temporal processing of events (Schwartze & Kotz, 2016) and shows activation to auditory stimulation (Buckner, 2013) , including speech processing by infants (Kuhl, Ramírez, Bosseler, Lin, & Imada, 2014) .
These features of cerebellar function are relevant to the processing of stimuli during face-toface father-infant interactions. Furthermore, the link between cerebellum and father-child interactions is not surprising given its role in allocating attentional resources in 'real-time' to J o u r n a l P r e -p r o o f guide or prepare behaviour (Schwartze & Kotz, 2016) . For instance, the cerebellum is implicated in temporally specific behaviours, such as heightened autonomic arousal, excitatory stimulation and startle; features specific to paternal interactions that also enhance infant communication (Stgeorge & Freeman, 2017) .
However, the direction of the association shown (i.e. higher levels of sensitivity with smaller cerebellar volumes) contradicts prior retrospective studies reporting smaller cerebellar volumes in older children exposed to early maltreatment (Bauer, Hanson, Pierson, Davidson, & Pollak, 2009; De Bellis & Kuchibhatla, 2006) . There are several possible explanations for this discrepancy. For example, since existing studies include older children it is not known whether brain regions were larger in infancythat is the trajectory of brain growth for these populations remains unknown. It is also possible that many other confounders, including sub-optimal antenatal period and medication exposure (Belsky & de Haan, 2010) , influence findings from extreme adversity. Furthermore, our measure of normative variation in sensitivity is defined so that the low end refers to the absence of sensitive (for example, warmth, acceptance, nondemanding) behaviours rather than the presence of extreme adversity, such as harsh or abusive behaviours. Moreover, we emphasize that our sample of infants was recruited from the community and assumed to be typically developing. The relationship between normative variation in sensitivity and normative variation in infant brain anatomy, caused for example by pruning during maturation (Lenroot & Giedd, 2006 ) is likely to be quite different from observations made in pathological settings. Taken together, in addition to different sampling frames, differences in specific forms of caregiving experienced, the timing of exposure and the timing of MRI assessment are likely to influence the direction of effects.
It is unlikely that parenting alone explains our findingsother factors, including genes, normal early variation in the development of neural structures and moderation by paternal stress may J o u r n a l P r e -p r o o f also modulate infant brain. For example, variability in cerebellar volumes may be influenced by genetic factors (Douet, Chang, Cloak, & Ernst, 2014) . Therefore, it is possible that shared genetic variants could explain the associations observed in this studysensitive fathers could have had smaller cerebellar volumes in infancy and then have biological children with smaller volumes.
Finally, although we and others have reported that maternal sensitivity is linked with infant subcortical grey matter volumes (Kok et al., 2015; Sethna, Pote, et al., 2017) we did not find evidence for a similar relationship for fathers. It is possible that there are parental differences in the way their caregiving behaviours impact on infant brain development. For example, the association between fathers' sensitivity and offspring sub-cortical brain development may perhaps be manifest in older children and not in infants. Some related evidence is a report linking father's sensitive parenting in toddlerhood but not in infancy to children's executive functioning (Towe-Goodman et al., 2014) . Alternatively, it may be that we were not powered to detect this relationship in this modest initial study. Finally, the particular sample characteristics in our study may be important and other studies have shown that the sub-cortical biology of the parent varies alongside the child's expression of positive emotionality (Abraham et al., 2016) . Thus, further research is needed to consider the impact of both parents jointly and/or examine a wider range of fathers and their paternal interaction dimensions (for example, paternal playfulness) and developmental time-points, in relation to subcortical volumes.
Overall, it is important to emphasize that our preliminary findings are correlational and do not indicate a causative link between early paternal caregiving and infant brain volumes.
Importantly, our study is cross-sectional and therefore we cannot interpret the direction of our results, for example primary or secondary/compensatory. Hence, important associations remain unexplored. First, given the bidirectional associations between child temperament and parenting (Micalizzi, Wang, & Saudino, 2017) , it remains unknown whether an infant with a J o u r n a l P r e -p r o o f smaller cerebellum volume elicits more positive parenting from their father or vice versa.
Second, we did not have repeated measures of brain volume; hence, it is unknown whether the directions of the relationships reported are dependent on developmental stage. Neither can we be certain whether volumes reported have 'positive' or 'negative' developmental implications.
Although increased cerebellar volumes have been reported in relation to autism spectrum disorder diagnosis (Traut et al., 2017) , the volume of the cerebellum changes over childhood and into adolescence and adulthood (Tiemeier et al., 2009) . To our best knowledge, no one has examined the cerebellum at this early age in infants who go on to receive an autism diagnosis.
Third, considering the cerebellum's sexually dimorphic developmental trajectory (Tiemeier et al., 2009) , sex differences in the association between paternal caregiving and cerebellar volumes also require investigation. Fourth, fathers play a unique and distinctive role in their children's lives and both the quality and amount of involvement fathers have with their children can influence development (Barker et al., 2017) . Thus, in addition to the quality of care, the amount of contact the parent has with his/her child during the postpartum period is another avenue for future research when linking paternal caregiving to the offspring brain. Different aspects of father involvement could influence child development in different ways. Hence, we acknowledge that while sensitivity is one important aspect of the father-child relationship; future research on offspring brain would benefit from including paternal involvement by assessing both paternal availability (Lamb, Pleck, Charnov, & Levine, 1985) and indirect care (Pleck, 2010) . Additionally, other features of father-child interactions such as, reflective capacity and empathypredictors of positive father-child relationships and child psychosocial outcomes (Arnott & Meins, 2007; Buttitta et al., 2019; McHarg, Fink, & Hughes, 2019 )require future consideration. Paternal psychopathology and attachment history may also be important considerations as they are linked to early interactions and child psychosocial outcomes (Madden et al., 2015; Mirjami Mäntymaa et al., 2008) . Finally, paternal stress may affect the brain development of his offspring, at least in part, by epigenetic factors that are inherited via the sperm (for a review on fathers see, Soubry, 2018) . Taken together, the field has quite some way to go and further longitudinal and larger-scale research is therefore, required to examine several of these possibilities, which our work cannot address.
We acknowledge several limitations to our study. First, the scanning of very young infants is challenging and the structural sequences available for the majority of babies in our study were of low resolution. Hence, our overall volumetric measurement will have missed fine-grained structural differences that might be detectable with more sophisticated imaging procedures.
Second, and in line with previous studies in early infancy (Hazlett et al., 2012) , we were unable to differentiate between grey and white matter volumes. Third, our sample size was modest, and results need to be viewed cautiously until further replication. Fourth, our findings are based on cross-sectional data, and therefore, causation cannot be inferred. Fifth, we did not collect information about whether the children were in childcare or exposed to caregiving by other caregivers / family members.
In summary, we demonstrate for the first time that father-infant interactions are associated with variation in structural brain development at a very early age. If replicated in a larger sample, this work will suggest the importance of including fathers in research on the relation between early parental care and child brain development. Employed, but on sick leave 1 (4%)
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